Abstract: In this paper, a novel way is proposed to realize a broadband absorber, which is based on the plasma metamaterial with the triangular ring-shaped resonators. Each unit cell of the proposed absorber includes three layers, which are metal layer, dielectric layer, and solid-state plasma (SSP) layer, respectively. The top layer is composed of the truncated SSP triangular ring-shaped resonators and the SSP triangular patches, which are situated the middle of triangular rings. An SSP cylinder also is inserted between the central of each SSP triangular patch and the bottom metal layer. The absorption bandwidth can be covered from 11.76 to 14.43 GHz when the absorption rate is larger than 90%, which also is polarizationindependent. In addition, the better performances can be realized under different incident angles. To explain the mechanism of high absorption, the electric field, the surface current distribution, and power loss density at different resonant frequencies are present. Moreover, the tunable absorption can be obtained in the proposed absorber while the performance of the absorber can be improved by exciting the different SSP resonators.
Introduction
Metamaterials can be considered as the artificial electromagnetic atoms or molecules, which have many unique properties not found in nature, such as negative permittivity [1] , and negative refractive index [2] . In recent years, metamaterials have attracted considerable research attention due to the designable and controllable material parameters in the design of artificial metamaterial resonators. With the continuous investigations on electromagnetic metamaterials, many exotic properties of metamaterials have been revealed and applied, which comprise perfect lens [3] , perfect absorber [4] , invisibility cloak [5] , etc.
As an aspect for the important application of metamaterials, metamaterial absorbers (MA) are of great interest for the communities of both physics and material science and have found an increasingly wide utilization in many fields including photodetectors [6] , energy harvesting [7] , and solar cells [8] . Since the MA with near unity absorbance was presented by Landy [9] et al. many different types of MAs are designed in diverse frequency ranges, such as microwaves [10] , terahertz [11] , infrared [12] , and optical regions [13] . Most MAs can only operate at rather narrow frequency region. For the practical applications, the broadband absorbers are more valuable. Therefore, many methods of broadening the absorption band are proposed. For instant, a novel three-dimensional MA with eight-fold rotational symmetry was created by Dong [14] et al. which shown that the polarization-insensitive absorption is over 90% at 26.9-32.9 GHz. Hoa [15] et al. utilized a periodic array of metallic-dielectric multilayered conical frustums to devise a wide-angle and polarizationindependent broadband absorber, which exhibits a broadband absorption performance with the absorption rate exceeding 90% from 10.8 GHz to 15.8 GHz. A wideband and polarization-insensitive absorber based on lumped resistors was presented by Li [16] et al., and 9.25 GHz-wide absorption from 7.93 GHz to 17.18 GHz with absorption above 90% can be obtained. In addition, other absorbers also were proposed, such as engineering the frequency dispersion of metamaterial surface [17] , some special material [18] , or using the high-impedance surface [19] , for realizing the broadband absorption.
On the other hand, the designed antennas using a gaseous plasma have been successfully developed for the first time in 1998 [20] . Afterwards, numerous major research results were revealed. However, gaseous plasma has great limitations in engineering applications due to many properties. In this paper, solid state plasma (SSP) is gradually applied to the design of the absorber. And SSP as a novel metamaterial gradually has been attracting great interest due to many excellent properties [21] - [23] , which can realized by GaAs [21] , [22] and S-PIN [23] . The conductivity of SSP will increase with the increase of carrier concentration, when the carrier concentration reaches a certain value. It means that the properties of SSP can be analogous to the metal. Therefore, the tunable absorption spectra can be obtained in the plasma metamaterial absorber (PMA) through exciting different regions of SSP resonators.
The aim of this paper is to propose a novel way to achieve the broadband absorber based on the plasma metamaterial with triangular ring-shaped resonators in theory. The absorption rate of proposed broadband PMA spans from 11.76 GHz to 14.43 GHz, which is over 90%. And such a broadband PMA can realize a wide angle of incidence. Moreover, the electric field, surface current distribution and the power loss density are calculated to analyze the absorption mechanism. In addition, the tunable absorption can be acquired in the proposed PMA, and the performance of such an absorber can be improved by exciting the different SSP resonators. In this paper, we consider the SSP is realized by GaAs [21] , [22] . How to fabricate such an absorber and do experimental verification are beyond the scope of this paper.
Design and Simulation
The schematic views of four PMAs and their corresponding absorption spectrum are depicted in Figs. 1-4 and Figs. 5(a)-(d), respectively. It is noted that all PMAs are composed of three layers and copper with an electric conductivity of 5.8 × 10 7 S/m is adopted on the bottom layer. The permittivity of the SSP resonators is described by the Drude model, which can be expressed as
, [22] . Based on the results in Refs. [21] , [22] , we consider ε ∞ = 12.8, the plasma frequency is ω p = 2.9 × 10 14 rad/s and the collision frequency is ω c = 1.65 × 10 13 1/s. The efficiency of absorber is characterized as A (ω) = 1 − R (ω) − T (ω), where A(ω) is the absorptivity and R(ω) and T(ω) are the reflectivity and transmission. Due to the copper plate used as the backplane of the PMA, the transmission coefficient is zero. Thus, the expression of A(ω) can be simplified as
In following, all of the results are calculated by the commercial simulation software HFSS 13.
The front and the side views of a dual-band PMA is displayed in Fig. 1 , which show that the upper layer consists of a truncated SSP triangular ring-shaped and a triangular patch resonators and the dielectric substrate is selected to be SiO 2 with the relative permittivity of ε = 2.1 + i 0.02. In order to calculate, for each unit cell, the both sides of x or y directions are set to periodic boundary conditions in HFSS 13. The absorption spectrum of such a dual-band PMA is plotted in Fig. 5 (a), which reveals that there are two strong peaks at 9.49 GHz and 10.62 GHz with the absorption of about 99.92% and 99.4%, respectively. If we want to obtain a wider bandwidth of absorption, such a PMA has to be modified. Thus, a narrow band PMA is proposed in Fig. 2 , which consists of two truncated triangular ring-shaped and a triangular patch resonators (SSP) on the surface of the dielectric substrate. The dielectric substrate is made of lossy FR4, whose relative permittivity is 4.3 and the loss tangent is 0.025. The absorption spectrum of such a narrow-band PMA is given in Fig. 5(b) . As shown in Fig. 5(b) that the frequency ranges of absorption exceed 90% are covered from 9.28 GHz to 9.45 GHz and 11.21 GHz to 11.37 GHz. Similarly, if an additional SSP truncated triangular ring-shaped resonator is added on such a narrow-band PMA, a new PMA can be achieved. The schematic views and simulated result are plotted in Figs. 3 and 5(c), respectively. As shown in Fig. 5(c) , the absorption rate runs from 9.28 GHz to 9.59 GHz, and 11.3 GHz to 11.46 GHz, which is over 90%. Compared Fig. 5(c) with Fig. 5(b) , the absorption bandwidth is enhanced obviously. However, the PMA as described in Fig. 3 is polarization-dependent and its absorption bandwidth is narrow. If we want to realize a broadband PMA, a new designing has to be done. In Fig. 4 , the schematic views of a broadband PMA are plotted. For such a PMA, the lossy FR4 is used as the dielectric substrate, and its unit cell contains four truncated SSP triangular ring-shaped and triangular patch resonators on the top layer, which are oriented in different directions and the same size on the diagonal. It is noticed that there is a inserted SSP cylinder with radius r between the central of each SSP triangular patch and the bottom layer. It can be observed from wave, the absorption rate above 90% covered frequency range of 11.76-14.43 GHz. For TM wave, the corresponding frequency range is 12.21-14.41 GHz. As we know, the SPP is one kind of tunabe material, and its plasma frequency can be adjusted by the external voltage. Based on the results in Refs. [21] , [22] , the plasma frequency of GaAs is proportional to the external voltage within a certain voltage range. In Fig. 5(e) , absorption spectra vs. different plasma frequencies are plotted. As shown in Fig. 5(e) , for TE wave, when ω p = 2.9 × 10 12 and 2.9 × 10 10 , respectively, the absorption features of the proposed PMA will deteriorate. Thus, the external voltage has to be a larger value to obtain a a broadband absorption.Obviously, a broadband PMA can be obtained by the designing processes as mentioned above. In the other word, a broadband PMA can be realized by arranging the narrow band PMAs with 90 degree rotational symmetry, and such a broadband PMA also is polarization-dependent. In the practical applications, we can use the finite periodic structure to replace the theoretical model (an infinite number of periodic unit cells).
To illustrate the properties of the present broadband PMMA, the absorption spectra of different excited plasma resonators are shown in Fig. 6 . It can be seen from Fig. 6(a) that when all of the "ring-1" solid plasma resonators [see Fig. 4(c) ] are excited, the absorption goes beyond 90% from 13 to 13.24 GHz. When both "ring-1" and "ring-2" solid plasma resonators are excited, the absorption spectrum is plotted in Fig. 6(b) . As shown in Fig. 6(b) , the absorption rate are 90% at 13.03-14.34 GHz. Then, in Fig. 6(c) , the broadband PMMA exhibits an absorption performance with the absorptivity larger than 90% which is covered 13.03-14.34 GHz, when all of the plasma resonators are excited. Compared the results in Fig. 6 (c) with those in Fig. 6(a) and (b) , the absorption bandwidth of the proposed broadband PMMA is broadened apparently when all of the plasma resonators are excited. It can be concluded that not only the tunable absorption can be obtained in the proposed PMMA but also the performance of the absorber can be improved by exciting different plasma resonators based on those results as mentioned above
Theoretical Analysis
In order to figure out the physical mechanism of the proposed broadband PMA, the electric fields at cross-section of 2.89 mm and the distributions of surface current for two resonance frequencies (11.96 GHz and 13.73 GHz) are calculated, respectively. As shown in Fig. 7(a) and (c) , the electric field intensities are distributed in the dielectric substrate at 11.96 GHz and 13.73 GHz (see the locations marked "•"). We can know that the obtained broadband absorption of the PMA is due to dielectric resonances of dielectric substrate. The electromagnetic energy is consumed in the dielectric substrate (lossy FR4) when the incident electromagnetic wave propagates through the SSP resonators. We can observe from Fig. 7(a) that the electric fields are mainly localized the edge of the triangular rings and the middle of the triangular patch (see the locations marked "•"). Such a phenomenon can be reckoned as a positive charge located on the surface of the dielectric substrate. As shown in Fig. 7(b) , the surface currents on the reflector (bottom layer) flow in the direction of the arrows, which can be equivalent to a negative charge situated the bottom layer. As mentioned above, the upper and bottom surfaces can be viewed as a electric dipole exhibiting magnetic resonances. The similar physical mechanism also can be obtained in Fig. 7(c) and (d) . Therefore, such an absorption phenomenon is caused by the dielectric and magnetic resonances. The power loss density and the different absorption spectra when the dielectric substrate (FR4) is lossy and loss free are plotted in Fig. 8 . The power loss density in the surface of SSP resonators at 11.96 GHz and 13.73 GHz are shown in Fig. 8(a) and (b) , respectively. We can see from Fig. 8(a) and (b) that the power loss density are mainly distributed in the edge of triangular ring-shaped resonators, and the power loss density at 13.73 GHz is much stronger than that at 11.96 GHz, which means that more electromagnetic energy is consumed in the high frequency. It can be seen from Fig. 8(c) that there are only four strong peaks in frequency region 12-14.5 GHz when the dielectric substrate (FR4) is loss free. Obviously, the absorption performance of PMA is decreased. Hence, the energy of incident electromagnetic wave is consumed by SSP resonators and dielectric substrate.
In Fig. 9 , the spectra are also computed to study the independence of incident angles for TE and TM waves. It can be seen from Fig. 9(a) that, for TE wave, the absorption is basically kept above 80% in frequency region 12-15 GHz when the incident angle θ is changed from 0°to 60°. As shown in Fig. 9(c) , the frequency region of the absorption coefficient over 90% is covered from 11.71 GHz to 15.37 GHz when the incident angleθ is less than 30°. However, the absorption rate merely goes beyond 59% for the incident angle of 60°. The frequency dependence of the absorption under different incident angles are also displayed in Fig. 9(b) and (d) . For TE wave, the absorption effect is still significant when θ is up to 70°. However, for TM wave, the absorption rate is slightly decreased when the value of incident angle θ is increased from 40°to 80°. As mentioned above, we can know that, for TE wave, the higher absorption can be achieved under the wider incident angles in the proposed broadband PMA.
The relationships between the absorption of the proposed broadband PMA and the parameters r (the radius of inserted solid plasma cylinder as shown in Fig. 4 ) and y are illustrated in Fig. 10 . As shown in Fig. 10(a) , when the value of r is increased, the absorption is basically unaltered in frequency region of 12-14.5 GHz. However, near resonance frequency f 1 = 13.04 GHz, the absorption is decreases slightly, whose value is decreased to 88.9% (r = 2.1 mm). In Fig. 10(b) , the dependence of the absorption spectra with different parameter r are depicted. It can be seen from Fig. 10(b) that the frequency region of absorption shifts the higher frequencies obviously, when the value of r is increased from 0.5 to 2.5 mm. Similarly, the relationships between the absorption and parameter y are displayed in Fig. 10(c) and (d) . The initial value of the parameter y is set to 4.6 mm. In Fig. 10(c) , the absorption spectra of y = 4.4, 4.6, 4.8, 5 mm are plotted, respectively. One can see from Fig. 10(c) that if the value of y is increased, the absorption will be changed at the resonance frequencies f 2 = 12.72 GHz and f 3 = 12.16 GHz. It also can be seen from Fig. 10(c) that if y = 5 mm, the value of absorption will be decreased to 89.71% at resonance frequency f 3 , and the frequency range of absorption higher than 90% also is narrowed. As shown in Fig. 10(d) , if the value of y is increased from 3 to 5.4 mm, the frequency region of absorption will shift lower frequencies. As mentioned above, the parameters r and y are the important parameters to realize the proposed broadband PMA. If we want to obtain a broadband absorption, the values of r and y have to be optimized.
It is worth noting that another geometric shapes also can be used to realized the SPP resonators of the proposed PMA except for triangular shape, such as hexagonal and rectangular etc. The similar results also can be obtained.
Conclusion
In summary, the designing processes broadband PMA based on the SSP is proposed, and a broadband PMA also is realized. The SSP is realized by GaAs. The configuration of unit cell for the proposed PMA is that the truncated SSP triangular ring-shaped resonators and the SSP triangular patches are placed on the surface of substrate, and there exists a inserted SSP cylinder between the central of each SSP triangular patch and the bottom layer. The proposed broadband PMA can maintain 90% absorptivity in the frequency range of 11.76-14.43 GHz, and also is polarizationinsensitive due to the symmetrical arrangement of the resonators. If the incident angle is less than 60°, the polarization-insensitive broadband absorption can be achieved. The calculated results also demonstrated that the tunable absorption spectra can be obtained by exciting different SSP resonators, whose absorption coefficient is larger than 90%. Thus, such designing processes of PMA offers a valuable way to realize a polarization-independent and tunable broadband absorber.
